Introduction {#sec1}
============

As a "two-way" environmental protection material, poly(propylene carbonate) (PPC) can not only consume CO~2~ greenhouse gas in the production process but also be degraded by microorganisms in nature, which has received great attention of the world.^[@ref1],[@ref2]^ PPC has potential applications in adhesives,^[@ref3]^ mulch film,^[@ref4]^ packaging,^[@ref5]^ polymer electrolyte,^[@ref6],[@ref7]^ toughening agent,^[@ref8]^ biomedical materials,^[@ref9]^ and other fields. This makes it become a possible alternative to traditional nonbiodegradable polymers. However, for large-scale applications, besides the need of improving the catalytic activity of catalysts for CO~2~/PO copolymerization, another important demand is to improve the properties of PPC. First, the low onset decomposition temperature in the range of 150--180 °C makes it unable to be processed smoothly. If PPC processing is performed at a low temperature, there may be substantial stress in the sample. This stress will relax at room temperature and deform the sample.^[@ref10]^ A thermally more resilient PPC is thus highly desirable. Second, PPC's low glass transition temperature (*T*~g~) (\<42 °C) and amorphism leads to weak mechanical strength and poor dimensional stability. Therefore, improving the thermal, mechanical, and dimensional properties is of great significance for the practical application of PPC.

For PPC modification, many attempts have been made, including physical and chemical methods, such as blending with various inorganic powders, fibers, organics, or other degradable or nondegradable polymers, end-capping the terminal hydroxy of PPC with other groups, chain extension, cross-linking, and ternary polymerization with other comonomers, some of which have achieved good results in some properties.^[@ref10]−[@ref17]^ In fact, the difficulty of PPC modification lies in how to comprehensively improve the thermal, mechanical, and dimensional properties on the premise of introducing a small amount of other components. For example, end-capping is very effective for increasing decomposition temperature, but it cannot enhance the mechanical performance. In addition, if more amounts of other components are introduced, the CO~2~ utilization will be reduced, which is the significance of continuous research on this topic in the world for decades. Perhaps the most fundamental way to modify PPC is to crystallize PPC without introducing other components. Like crystal polyethylene and polypropylene, although their *T*~g~s are less than 0 °C, their melting points are above 100 °C. They can be used as structural materials. However, PPC is difficult to crystallize even if various isotactic PPCs have been prepared^[@ref18],[@ref19]^ and other crystalline CO~2~-based polycarbonates have been synthesized.^[@ref20],[@ref21]^ In other various modifications, cross-linking is an effective method to meet the above requirements. For blending modification, as long as other components such as graphene oxide (GO),^[@ref22]^ microfibrillated cellulose,^[@ref23]^ SiC/GO nanosheets,^[@ref24]^ or hyperbranched polyester amide^[@ref25]^ are uniformly dispersed in the PPC matrix and physical cross-linking is formed through noncovalent bonds such as hydrogen bonds, the properties of PPC can be fully improved using a small amount of other components with the contents of less than 5 wt % of PPC, even when the *T*~g~ is low. However, the incorporated fills should have good compatibility with PPC in this method. Chemical cross-linking is relatively more effective. For instance, the chemically cross-linked PPCs have an improved 5% weight-loss degradation temperature (*T*~d,--5%~) of over 260 °C and an enhanced mechanical strength of about 40 MPa.^[@ref26]−[@ref28]^ The permanent deformation of cross-linked PPC in the hot elongation test at 65 °C is close to 0,^[@ref29]^ while that of PPC is more than 10%, that is, PPC cannot be recovered after being stretched.

For chemical cross-linking of PPC, initially, it was conducted through the reaction between PPC with various cross-linking agents such as triallyl isocyanurate (TAIC), diisopropyl peroxide (DCP),^[@ref30]^ polyvinyl polyphenyl isocyanate (PAPI),^[@ref31]^ trimethylopropane triacrylate, pentaerythritol triacrylate, poly(ethylene glycol dimethyl methacrylate), and poly(ethylene glycol dimethyl methacrylate)^[@ref32]^ by heating or radiation. Nevertheless, this method is not universally applicable because PPC itself has neither double bonds nor other cross-linkabe pendant groups. Therefore, people try to introduce double bonds into PPC chains, and then add the initiator to realize cross-linking by heating or by ultraviolet irradiation. For example, PPC bearing C=C groups was prepared by terpolymerization of maleic anhydride (MA),^[@ref26]^ vinyl oxide,^[@ref33]^ or allyl glycidyl ether^[@ref29]^ with CO~2~ and PO, respectively. Then, it was cross-linked by DCP, ethylene glycol bis(3-mercaptoproionate), pentaerythritol tetrakis(mercaptoacetate), or by ultraviolet irradiation. Besides, organosilylated PPC was synthesized by CO~2~/PO/γ-glycidopropyltrimethoxysilane terpolymerization, and the cross-linked structure was formed after hydrolysis.^[@ref34]^ The cross-linking effect by the above methods is excellent, but the process is complicated. Later, it was found that cross-linked PPC can be achieved by one-pot terpolymerization of a multifunctional monomer with CO~2~ and PO. The multifunctional monomer always contains several epoxides, isocyanates, or cyclic carboxylic anhydrides, such as vinylcyclohexene dioxide,^[@ref35]^ diphenylmethane diisocyanate,^[@ref36]^ 1,2,7,8-diepoxyoctane,^[@ref37]^ 1,2,9,10-diepoxydecane,^[@ref37]^ pyromellitic dianhydride,^[@ref27]^ triglycidyl isocyanurate,^[@ref38]^ and bicyclo(2,2,2)oct-7-ene-2,3,5,6-tetracarboxylic dianhydride.^[@ref28]^ Itaconic anhydride that contains both C=C bond and cyclic anhydride was also used as a third monomer to prepare cross-linked PPC.^[@ref39]^ In addition, our group prepared PPC with networks by CO~2~/PO/MA/furfuryl glycidyl ether copolymerization,^[@ref40]^ in which the functional groups that can react with each other were introduced into the PPC pendants.

It should be noted that sometimes, certain types of multifunctional third monomers, such as diepoxides^[@ref41],[@ref42]^ and polyisocyanates,^[@ref43]^ cannot form cross-linked networks in copolymerizing them with CO~2~ and PO. This may be related to either the reactivity of monomers or the catalysts used. Nevertheless, cyclic dianhydrides could do without exception. Anhydride groups are vulnerable to react with PO. For example, various monofunctional cyclic anhydrides could copolymerize with epoxides in the presence/absence of CO~2~ under various types of catalysts, including double-metal cyanide, salen--metal complex, biphenol-linked dinuclear Al(III) complex, and zinc dicarboxylate,^[@ref44]−[@ref50]^ in which the linear polymers were formed. Our group has used several multifunctional third comonomers to prepare PPC with cross-linked networks.^[@ref27],[@ref28]^ It is found that adding a small amount of third monomers can improve the thermal and mechanical properties. In particular, for elevating the thermal decomposition temperature, the required amount of third monomers is smaller. Another preliminary discovery is that in addition to cross-linking, the rigidity or flexibility of the third monomer molecule will also affect the mechanical strength and toughness of the final copolymers. If the third monomer is too flexible, the tensile strength would be significantly reduced, even the cross-linked networks are contained.^[@ref40]^ However, it is difficult to further verify the above finding because there are not many multifunctional small molecules, commercially, that can participate in CO~2~/PO copolymerization, and their custom synthesis is not economical. We have tried to use a maleic anhydride oligomer as the third monomer to prepare cross-linked PPC.^[@ref51]^ We speculate that the mechanical strength and toughness of the copolymer can be tailored by the co-oligomer from different rigid or flexible monomers and MA. In this work, we select a relatively rigid monomer, *cis*-1,2,3,6-tetrahydrophthalic anhydride (THPA), to prepare a MA/THPA oligomer, and use it to copolymerize with PO and CO~2~ to synthesize PPC with cross-linked networks in one pot. The effect on the thermal stability, mechanical properties, and dimensional stability were fully investigated. After ring opening copolymerization, the MA unit is linear and flexible, and the THPA unit contains a rigid ring. Based on this, we speculate that the copolymer will have strong mechanical strength and certain toughness. Moreover, compared with the case where the MA oligomer is used as the third monomer, the mechanical strength will be stronger and the toughness slightly worse.

Results and Discussion {#sec2}
======================

Synthesis {#sec2.1}
---------

In the synthysis of the MA/THPA oligomer, according to the integral area of each peak of the ^1^H NMR spectroscopy ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)), the proportion of MA and THPA units in the oligomer is 1:1. It is well known that MA does not easily homopolymerize but readily copolymerizes with other monomers. Combined with the GPC result of the MA/THPA oligomer that the *M*~n~ is 894 g·mol^--1^ ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)), it is inferred that each molecule contains three MA and three THPA units on average, that is, it contains six cyclic anhydride functional groups. As mentioned in the [Introduction](#sec1){ref-type="other"} section, a cyclic anhydride can copolymerize with epoxides to prepare polyesters under various types of catalysts, including ZnGA. After the addition of the MA/THPA oligomer in the CO~2~/PO copolymerization catalyzed by ZnGA, the terminal alkoxy anion of the CO~2~/PO propagation chain can nucleophilically attack the cyclic anhydride group in a MA/THPA oligomer molecule, causing it to ring-open and transform into a terminal carboxylate anion propagation chain. The terminal carboxylate anion attacks PO and is converted again into a terminal alkoxide anion propagation chain, which can then react with CO~2~ or cyclic anhydride. Because the amount of the MA/THPA oligomer in the system does not exceed 4 wt % of PO, that is, PO and CO~2~ are much more than the MA/THPA oligomer, therefore, each ring-opened cyclic anhydride can lead to two PPC chains. In theory, one molecule of the MA/THPA oligomer that contains six cyclic anhydrides can link twelve PPC chains on average, so the MA/THPA oligomer acts as an effective cross-linker ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The formation of the cross-linked networks is confirmed by the presence of gel in the copolymers. Here, we define the copolymers as PPCx, where x represents the MA/THPA oligomer feed content (x wt %) of PO. The gel contents increased from 16.1 to 42.2% with increasing the MA/THPA oligomer feed contents from 0.5 to 4 wt % of PO. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the typical photos of the polymers before and after purification. It is seen that PPC looks soft because of the presence of more unreacted PO. While the copolymers look like a block, and they feel more elastic when pulled with tweezers. In fact, the yields of copolymers are 2--3 times that of PPC ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). In combination with previous studies on the CO~2~/PO/third monomer copolymerization catalyzed by ZnGA,^[@ref27],[@ref28],[@ref52],[@ref53]^ it is shown that the polymer yield increased when the third monomer was cyclic anhydrides but decreased when it was epoxides, when compared with the CO~2~/PO copolymerization. This related to the higher activity of cyclic anhydrides/PO copolymerization than epoxides/CO~2~. The typical ^1^H NMR of PPC4 is similar to that of PPC ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)) after purification. However, the ^1^H NMR spectroscopy only represents the soluble fraction and does not display the signal peaks from the MA/THPA oligomer units because the MA/THPA oligomer is a multifunctional monomer that formed a gel and is insoluble in chloroform-d. In order to know whether the MA/THPA oligomer is completely involved in the copolymerization and the effect of the MA/THPA oligomer on the copolymerization, we examined the ^1^H NMR of the reaction mixture after copolymerization ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)) and the GPC of the soluble fraction of the polymers ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)). In [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf), no signal peaks of the MA/THPA oligomer like those in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf) are found. The reaction mixture mainly contains PPC, cyclic propylene carbonate (PC), and PO. It indicates that the MA/THPA oligomer can completely participate in the CO~2~/PO copolymerization to form cross-linked networks, but it is confined to the gel. In addition, after adding the MA/THPA oligomer, the selectivity of the polymer over PC increases slightly and the carbonate linkage contents over ether linkage in polymer slightly decrease ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). What is more, the molecular weights of the copolymers declined with increasing MA/THPA oligomer feed ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), and the molecular weight distribution (*M*~w~/*M*~n~) is higher than that of PPC. When the MA/THPA oligomer feed is less than 2 wt % of PO, the molecular weights of the copolymers are greater than that of PPC; when it is more than 2 wt %, the molecular weights are slightly lower than that of PPC. This relates to the following two effects: the copolymer chains are slightly branched because of the multifunctionality of the MA/THPA oligomer, which is favorable for increasing the molecular weights upon adding the MA/THPA oligomer first. When the MA/THPA oligomer feed further increases, the movement of propagation chains becomes less active because of the increase of the cross-linked networks, which in turn is not conducive to increasing the molecular weight. Note that the *M*~n~, selectivity for the polymer, and carbonate linkage content of the copolymers only represents the soluble fraction, excluding the gel.

![Photographs of PPC and PPC with networks before and after purification, as well as the corresponding dumbbell specimens. PPC0.5--4 presents the copolymer with a 0.5--4 wt % (maleic anhydride/*cis*-1,2,3,6-tetrahydrophthalic anhydride) (MA/THPA) oligomer feed of propylene oxide in the copolymerization, respectively.](ao0c02608_0001){#fig1}

![Formation of PPC with Networks in CO~2~/Propylene Oxide Copolymerization in the Presence of the (Maleic Anhydride/*cis*-1,2,3,6-Tetrahydrophthalic Anhydride) (MA/THPA) Oligomer](ao0c02608_0007){#sch1}

###### Results of Copolymerization[a](#t1fn1){ref-type="table-fn"}

  sample   MA/THPA oligomer feed[b](#t1fn2){ref-type="table-fn"}   polymer yield[c](#t1fn3){ref-type="table-fn"}   gel (%)    *M*~n~[d](#t1fn4){ref-type="table-fn"}   *M*~w~/*M*~n~[e](#t1fn5){ref-type="table-fn"}   selectivity for polymer[f](#t1fn6){ref-type="table-fn"}   carbonate linkages[g](#t1fn7){ref-type="table-fn"}
  -------- ------------------------------------------------------- ----------------------------------------------- ---------- ---------------------------------------- ----------------------------------------------- --------------------------------------------------------- ----------------------------------------------------
  PPC      0                                                       25                                              0          70                                       3.0                                             96                                                        98
  PPC0.5   0.5                                                     55                                              16 ± 1.3   91                                       4.5                                             98                                                        97
  PPC1     1                                                       60                                              23 ± 1.5   82                                       4.7                                             98                                                        97
  PPC2     2                                                       66                                              29 ± 1.7   68                                       4.4                                             98                                                        97
  PPC3     3                                                       70                                              37 ± 2.2   58                                       4.6                                             99                                                        97
  PPC4     4                                                       74                                              42 ± 2.5   58                                       4.8                                             99                                                        97

Polymerization conditions: zinc glutarate (ZnGA, 0.15 g), propylene oxide (PO, 45 mL), CO~2~ pressure 5.0 MPa, 70 °C, 30 h.

(Maleic anhydride/*cis*-1,2,3,6-tetrahydrophthalic anhydride) (MA/THPA) oligomer feed of PO in the copolymerization (wt %).

g Polymer/g ZnGA.

*M*~n~ = Number average molecular weight (Kg·mol^--1^), determined by GPC.

Molecular weight distribution: *M*~w~ = weight average molecular weight (Kg·mol^--1^).

Selectivity for polymer over cyclic carbonate in % units, which was determined by the ^1^H NMR spectroscopy of the reaction mixture after copolymerization.

Carbonate linkages over ether linkages in % units, which were determined by the ^1^H NMR spectroscopy of the soluble fraction of polymers after purification. The *M*~n~, polymer selectivity and carbonate linkages do not include the gel, because the gel is insoluble.

Thermal Properties {#sec2.2}
------------------

[Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf) show that the TGA and the corresponding differential thermogravimetry (DTG) curves of PPC, copolymers as well as their soluble fraction, respectively. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} lists the data. The result shows that the decomposition temperature of the copolymers increases significantly when the MA/THPA oligomer is introduced, even if a small amount of the MA/THPA oligomer is used, such as 0.5 wt % of PO. It was reported that PPC begins to decompose at 150--180 °C,^[@ref10],[@ref54]^ depending on the existence of the catalyst or water, molecular weight, and the heating rate in the test. Here, PPC begins to lose weight at 197 °C under the experimental conditions, which is higher compared with those reported. This is related to the faster heating rate in the TGA test.^[@ref55]^ The copolymers begin to lose weight at the temperature range of 256--275 °C, and the 5% and maximum weight-loss decomposition temperature (*T*~d,max~) reaches up to about 290 and 300 °C, respectively. These values exceed 60--70 °C, higher than the corresponding ones of PPC. This great improvement in thermal stability can ensure that the copolymers do not decompose during melt processing.

![Thermogravimetric analysis curves of PPC and PPC with networks. PPC0.5-S--PPC4-S refers the soluble fraction of the corresponding copolymer.](ao0c02608_0002){#fig2}

###### Thermal Properties of PPC and PPC with Networks

  sample   temperature for onset of weight loss (°C)                                  temperature for 5% weight loss (°C)                                        temperature for maximum weight loss (°C)                                   glass transition temperature (°C)
  -------- -------------------------------------------------------------------------- -------------------------------------------------------------------------- -------------------------------------------------------------------------- ------------------------------------------------------------------------
  PPC      197                                                                        217                                                                        231/251[c](#t2fn3){ref-type="table-fn"}                                    51,[e](#t2fn5){ref-type="table-fn"} 35[f](#t2fn6){ref-type="table-fn"}
  PPC0.5   256,[a](#t2fn1){ref-type="table-fn"} 256[b](#t2fn2){ref-type="table-fn"}   288,[a](#t2fn1){ref-type="table-fn"} 277[b](#t2fn2){ref-type="table-fn"}   298,[a](#t2fn1){ref-type="table-fn"} 293[b](#t2fn2){ref-type="table-fn"}   47, 31
  PPC1     264, 258                                                                   288, 281                                                                   297, 294                                                                   50, 33
  PPC2     273, 264                                                                   289, 282                                                                   297, 293                                                                   50, 34
  PPC3     272, 263                                                                   292, 282                                                                   302, 295                                                                   53, 38
  PPC4     275, 266                                                                   291, 282                                                                   312, 288/299[d](#t2fn4){ref-type="table-fn"}                               51, 37

The copolymers.

The soluble fraction of the copolymers.

PPC has two main maximum weight-loss peaks at 231 and 251 °C.

The soluble fraction of the PPC4 has two maximum weight-loss peaks at 288 and 299 °C.

Measured from tan δ curves in a DMA test.

Measured from DSC curves.

It is also found that two apparent maximum weight-loss peaks at 231 and 251 °C appear in the DTG curve of PPC ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)) which derive from chain scission and unzipping degradation, respectively.^[@ref56]^ It should be noted that when PPC was heated at 200 °C, the unzipping degradation product, PC, was detected.^[@ref54],[@ref56]^ The DTG curve shows the maximum weight loss peak around 250 °C because the boiling point of PC is 242 °C and the weight loss is not obvious before this temperature. However, each copolymer has only one maximum weight loss peak, which is far away from that of PPC at high temperatures. This indicates that the formed cross-linked networks in the PPC matrix by introducing the MA/THPA oligomer play a significant role in restraining various degradation reactions. In order to further understand the thermal properties, we also conducted the TGA test for the soluble fraction of the copolymers (the scatter curves in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Interestingly, it is quite different from that of PPC. Several key weight-loss temperatures, such as the onset weight-loss temperature, *T*~d,--5%~ and *T*~d,max~, are still much higher than the corresponding ones of PPC. They are only a few degrees lower than those of the copolymers. It further implies that the soluble fraction of the copolymers is not just the neat PPC but the slightly branched PPC with a very low fraction of the MA/THPA oligomer incorporated in the PPC backbone. First, the molecular weight is not the cause for elevation of the decomposition temperature because compared with PPC, PPC0.5, and PPC1 has a higher *M*~n~, while PPC2, PPC3, and PPC4 has a lower *M*~n~, but their decomposition temperatures are similar to each other and much higher than that of PPC. What is more, within a certain range, the molecular weight of PPC has little effect on the thermal decomposition temperature. For example, it was reported that the *T*~d,max~s of the PPCs with *M*~n~s of 26.9, 56, and 144.6 Kg·mol^--1^ are 255, 255, and 251 °C, respectively.^[@ref56]^ Second, although the increasing ether linkage helps elevate the thermal decomposition temperature, it is not enough to greatly improve the decomposition temperature with an elevation of more 60 °C because each of the ether linkage contents of the copolymers is only a little more than that of PPC. The low content of carbonate linkages in the copolymers listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} means that there is a high content of ether linkages. In the properties report of PPC that was also prepared using ZnGA, the *T*~d,--5%~ of the PPC with 96.6% of carbonate linkage content was only about 10 °C higher than that of the PPC with 98.2% carbonate linkage content, and their *M*~n~s were 93 and 104 Kg·mol^--1^, respectively.^[@ref57]^ A similar phenomenon was also reported by Tang and coworkers.^[@ref58]^ Here, the carbonate linkage content of the PPC and the copolymers is almost equal; therefore, we infer that the elevation of 60 °C of *T*~d,--5%~ is not because of the slightly increased ether linkage content, but a small amount of MA/THPA units that are incorporated into the soluble fraction of the copolymers.

The tanδ versus temperature curves from the DMA test ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) and DSC ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)) curves show that *T*~g~s slightly increases and then decreases with increasing MA/THPA oligomer feed under the experimental conditions. This phenomenon is related to two factors that have opposite effects on *T*~g~: cross-linking and the flexibility of MA/THPA units. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} lists the data. A maximum *T*~g~ of 53 °C is reached when the MA/THPA oligomer feed content is 3 wt % of PO. The restriction of the polymer movement by the cross-linked networks is clear. Note that the *T*~g~s of copolymers are lower than that of PPC when the MA/THPA oligomer feeds are less than 2 wt % of PO, especially when 0.5 wt %. The gel content at this time is low with only 16% ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Therefore, if the cross-linking effect is excluded, introducing the MA/THPA oligomer will increase the flexibility of the polymer chains and result in low *T*~g~. This effect becomes the main factor and reduces *T*~g~ when the MA/THPA oligomer feed increases up to 4 wt % of PO. It was reported that introducing more flexible MA units into the PPC backbone severely reduced *T*~g~,^[@ref59]^ in which, no cross-linked networks formed because MA is not a multifunctional comonomer.

![Tan δ vs temperature curves of PPC and PPC with networks.](ao0c02608_0003){#fig3}

Tensile Strength {#sec2.3}
----------------

The typical mechanical properties of PPC are brittle at low temperatures and weak at high temperatures.^[@ref25]^ Cross-linking of PPC is an effective method to improve and balance the above two properties. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the strain--stress curves in tensile tests and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf) lists the data. It shows that the mechanical strength can be significantly improved by introducing the MA/THPA oligomer. The tensile strength increases up to 44.3 MPa, that is, above twice that of PPC when the MA/THPA oligomer feed content is 4 wt % of PO. Accordingly, the elongation at the break decreases gradually. It is still 11% of PPC4, retaining a certain toughness. As mentioned above, introducing the MA/THPA oligomer into the PPC chain makes it flexible and leads to low *T*~g~. From this point, it is disadvantageous for improving mechanical properties. Therefore, the significant increase in mechanical strength, here, comes from the fact that the PPC matrix contains cross-linked networks, which limits the PPC chain movement. The more gel content ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), the higher the degree of cross-linking, so the tensile strength gradually increases. Similarly, after introducing MA into PPC chains, the tensile strength decreased sharply before cross-linking treatment^[@ref59]^ and increased significantly after cross-linking.^[@ref26]^ The PPC chain mainly contains carbonate linkages and a small amount of ether linkages without polar groups. The weak intermolecular interactions make PPC slip easily, so the mechanical strength is weak. When the cross-linked networks are contained in the PPC matrix, the PPC chain movement is restricted, thereby increasing the mechanical strength. In addition, compared with the result of using the MA oligomer as the third monomer,^[@ref51]^ introducing the rigid THPA in the co-oligomer, here, does make the prepared copolymers have greater tensile strength and smaller elongation at break. This further confirms our previous find that the rigidity or flexibility of the multifunctional third comonomer has corresponding influence on the tensile strength and toughness of the prepared cross-linked copolymers.

![Strain--stress curves of PPC and PPC with networks.](ao0c02608_0004){#fig4}

It is noted that the reported values of mechanical properties of PPC varied greatly. The tensile strength ranged from a few MPa to more than 40 MPa, and the elongation at the break ranged from a few percent to more than 1000 percent.^[@ref10],[@ref22],[@ref24],[@ref31],[@ref55],[@ref59]−[@ref62]^ The most important factors are the content of ether linkages in PPC chains, the plasticization of residual small molecules such as PC, and test conditions such as the temperature and crosshead speed. In addition, the molecular weight and distribution of PPC also have some influence. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the PPC specimens were cut after pressing at 140 °C, and the copolymer specimens were prepared at 190 °C. At first, in order to make the conditions consistent, PPC was also prepared at 190 °C, under which the tensile strength is only 13.2 MPa and the elongation at break is 520%. It is suspected that PPC may decompose to produce small molecular substances when it was pressed at high temperatures. Therefore, the ^1^H NMR of PPC and copolymers that were pressed at 190 °C were detected. The result shows that the signal peak of PC does appear in PPC ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)), but the ^1^H NMR of the copolymers does not change. This also exhibits that the copolymers have highly enhanced thermal stability. The presence of PC plays a plasticizing role and leads to a decrease in tensile strength and an increase in elongation at break of the PPC specimens that were pressed at 190 °C.

Dimensional Stability {#sec2.4}
---------------------

In addition to the weak mechanical strength of PPC, another knotty problem is that PPC will soften and deform when heated, even if it is held in hand for a short time. Therefore, in order to use PPC as a real biodegradable material, it is necessary to improve its dimensional stability. The hot-set tests were conducted at 65 °C to characterize the dimensional stability of the prepared polymers according to a literature.^[@ref29]^ As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf), the hot-set elongation decreases by 90% from 237 to 23%, and the permanent deformation also rapidly decreases from 145 to 43.4, 2.1, and 0.3%, until 0 when the MA/THPA oligomer feed increases from 0 to 0.5, 1, 2, 3, and 4 wt % of PO, respectively. Note that when PPC specimens were prepared at 190 °C, the hot-set elongation and the permanent deformation are larger with 513 and 325%, respectively, because of the presence of PC from the unzipping decomposition ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)). The dimensional stability of PPC is greatly improved by introducing the MA/THPA oligomer. Except PPC3, each *T*~g~ of copolymers is lower than that of PPC ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) but their hot-set elongation and permanent deformation are much lower than that of PPC. This also indirectly proves that the copolymers contain cross-linked networks, which plays a very positive role in improving the dimensional stability. [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf) shows the photos of dumbbell specimens before and after the hot-set test. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the storage modulus (*E*′) versus temperature curves of PPC and the copolymers from a DMA test. The *E*′s of PPC, PPC0.5--4 are 0.040, 0.38, 0.79, 0.95, 1.1, and 1.5 GPa at 40 °C under a frequency of 1 Hz, respectively. The higher *E*′s of the copolymers indicates that they are more rigid and more deformation resistant than PPC, which is consistent with the mechanical strength results. In addition, the state change of the polymers when they were strongly heated was also observed through combustion experiments. As shown in [Video S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_002.mp4), during the PPC burning, the deformation is very serious and even dripping occurs. While the shape retention of the copolymers becomes better and better with increasing the MA/THPA oligomer feed. PPC0.5 and PPC1 still drips, but not as serious as PPC ([Video S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_003.mp4)). PPC2--4 has no dripping and the shape is well maintained, but the volume gradually shrinks as the combustion progresses ([Video S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_004.mp4)). The above characteristics demonstrate that the copolymers have more rigid and stronger resistance to strain and deformation than PPC at higher temperatures, where the formed cross-linked networks in the PPC matrix by introducing the MA/THPA oligomer play an important role in restricting the PPC chain movement. Compared with the case of the MA oligomer as the third monomer,^[@ref51]^ where the dimensional stability did not reach 0 when the amount of the MA oligomer is 3.74 wt % of PO, the permanent deformation rate reaches 0 when the MA/THPA feed is 3 wt % of PO, and the test temperature is 5 °C higher than the former. Therefore, when a rigid monomer THPA is introduced into the MA co-oligomer, it is more beneficial to improve the dimensional stability.

![Hot-set elongation and permanent deformation of PPC and PPC with networks.](ao0c02608_0005){#fig5}

![Storage modulus (*E*′) vs temperature curves of PPC and PPC with networks.](ao0c02608_0006){#fig6}

Conclusions {#sec3}
===========

PPC with cross-linked networks was synthesized in one pot by incorporating a multifunctional MA/THPA oligomer in the CO~2~/PO copolymerization. The thermal stability, mechanical properties, and dimensional stability of the obtained copolymers can be tuned by changing the amount of the MA/THPA oligomer feed. The cross-linked networks in the PPC matrix play a positive role in improving the above performance. The flexible MA units make the copolymer retain certain toughness. In addition, compared with the MA oligomer as the third monomer, the copolymers have stronger tensile strength, smaller elongation at break, and more dimensional stability because THPA units that contain rings are more rigid than MA units. This confirms our speculation mentioned in the [Introduction](#sec1){ref-type="other"} section. The synthesis of co-oligomers of MA with other monomers is convenient and economical, and there are many kinds of other monomers to choose. It will allow conveniently and economically tailoring the tensile strength and toughness of PPC for various applications.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Most of the materials are of analytical purity, purchased from Shanghai Aladdin Company, and used as received unless otherwise specified. CO~2~ (99.99%) was purchased from Shenzhen Shente Industrial Gas Co. PO was distilled after reflux over calcium hydride for 8 h under a high pure nitrogen flow and then stored with 0.4 nm molecular sieves prior to use. High pure nitrogen was obtained from Zhanjiang Oxygen Plant. A zinc glutarate (ZnGA) catalyst was synthesized following the literature procedure.^[@ref51]^ Toluene, chloroform, and methanol were dried over 0.4 nm molecular sieves for more than 24 h before use. Benzoyl peroxide (BPO) was recrystallized from a mixed solvent of chloroform and methanol before use.

Synthesis of the MA/THPA Oligomer {#sec4.2}
---------------------------------

The MA/THPA oligomer was synthesized according to the literature^[@ref63]^ and modified slightly. Briefly, MA (10 g, 102 mmol) and THPA (14.6 g, 96 mmol) were melted together and stirred under nitrogen at 90 °C. BPO (2.16 g, 8.9 mmol) that was plasticized with 1.5 g of dimethyl phthalate was added in three equal portions at half hour intervals with stirring under nitrogen. The reaction was allowed to proceed for a total of 4 h. Finally, the reactant became purple and viscous, and then it was poured into 600 mL of toluene to give a granular precipitate. The precipitate was filtered off, dissolved in acetone, and reprecipitated in 600 mL of toluene. The fine precipitate was filtered off and dried under vacuum at 80 °C. The final product was characterized by the ^1^H NMR spectrum ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)). ^1^H NMR (400 MHz, DMSO-*d*~6~): δ 2.54 (s, 4H), 2.29 (s, 2H), 2.03 (d, 2H, *J* = 38.9 Hz), 1.20 (d, 2H, *J* = 24.0 Hz). The number molecular weight (*M*~n~) of the MA/THPA oligomer was 894 g·mol^--1^ with a polymer dispersity index of 1.17, which was determined by gel permeation chromatography (GPC) ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf)).

General Copolymerization Procedure {#sec4.3}
----------------------------------

Typically, the pre-dried 0.15 g of ZnGA and a certain proportion of the MA/THPA oligomer were put into a 100 mL autoclave with a magnetic stirrer and dried in vacuum at 100 °C for 8 h. Then, the autoclave was cooled to below 15 °C, cleaned carefully with nitrogen, and then evacuated 3 times alternately. Afterward, 45 mL of PO was injected into the autoclave and CO~2~ was filled to 2 MPa. When the temperature was raised to 70 °C, CO~2~ was pressured to 5.0 MPa. After stirring at 70 °C for 30 h, the autoclave was cooled to room temperature and released the pressure. The hard copolymer was dissolved in enough acetone containing 5% hydrochloric acid solution, stirred to decompose ZnGA, and then precipitated in the distilled water under vigorous stirring. Such dissolution and precipitation was repeated to completely purify the copolymer. The final acetone solution of the copolymer was precipitated in ethanol and washed three times to reduce the water content of the copolymer and facilitate drying. Then, the copolymer was dried to constant weight in vacuum at 80 °C.

PPC was also synthesized in a similar procedure to that of copolymers, except that the MA/THPA oligomer was not added into the autoclave.

Analytical Methods {#sec4.4}
------------------

^1^H Nuclear magnetic resonance (^1^H NMR) spectra were detected on a 400 MHz NMR instrument of DRX-400, with dimethylsulfoxide-*d*~6~ (DMSO-*d*~6~), or chloroform-d (CDCl~3~) as a solvent. A differential scanning calorimetry (DSC) analysis was performed to measure the *T*~g~s of polymers on a Q100 TA instrument using a heat ramp of 10 K·min^--1^ to reach 200 °C under 40 mL·min^--1^ nitrogen flow. A thermogravimetric analysis (TGA) was conducted on a STA 6000 simultaneous thermal analyzer using a 20 K·min^--1^ rate for heating up to 400 °C under 40 mL·min^--1^ nitrogen flow. The average molecular weight of the MA/THPA oligomer was determined on a Waters GPC system equipped with a differential refraction detector with tetrahydrofuran as an eluent using a polystyrene standard. A dynamic mechanical analysis (DMA) was performed on a NETZSCH DMA 242E in tension mode at a constant heating rate of 3 K·min^--1^ from −30 to 100 °C at a frequency of 1 Hz. The dimensions of the specimens were 20 × 4 × 2 mm^3^.

Gel Content {#sec4.5}
-----------

The ASTM D2765 method was used for determination. The sample was refluxed in boiling chloroform for 24 h. The insoluble fraction was dried to constant weight at 80 °C in vacuum. Gel content refers to the weight percentage of insoluble matter in the sample. The data was recorded as the average of three parallel measurements.

Tensile Measurement {#sec4.6}
-------------------

It was conducted on an Instron 3360 electronic tensile tester at a crosshead speed of 50 mm·min^--1^ at 23 °C and 45--55% humidity in accordance with ASTM d368. The data was recorded as the average value of five parallel measurements. The copolymer specimens were prepared by hot pressing at 190 °C, and then cut to 75 × 4 × 2 mm^3^ by a dumbbell cutter. PPC specimens were prepared by hot pressing at 140 and at 190 °C, respectively.

Hot-Set Test {#sec4.7}
------------

The dumbbell specimen that was premarked as the reference length with *L*~0~ (*L*~0~ = 20 mm) was loaded with 0.14 MPa and placed in an oven at 65 °C. After 10 min, the length between the marks was detected and recorded as *L*~1~. The load was then released, relaxed at 65 °C for 5 min, and the specimen was allowed to relax at room temperature until it no longer shortened. The length between the marks was recorded as *L*~2~. The hot-set elongation and the permanent deformation were calculated by (*L*~1~ -- *L*~0~)/*L*~0~ × 100% and (*L*~2~ -- *L*~0~)/*L*~0~ × 100%, respectively. The data were recorded as the average of three parallel measurements.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02608](https://pubs.acs.org/doi/10.1021/acsomega.0c02608?goto=supporting-info).^1^H NMR spectrum of (maleic anhydride/*cis*-1,2,3,6-tetrahydrophthalic anhydride) oligomer; GPC curve of (maleic anhydride/*cis*-1,2,3,6-tetrahydrophthalic anhydride) oligomer; ^1^H NMR spectra of poly(propylene carbonate) (PPC) (upper) and the soluble fraction of PPC with networks with 4 wt % of (maleic anhydride/*cis*-1,2,3,6-tetrahydrophthalic anhydride) oligomer feed of propylene oxide (below) after purification; ^1^H NMR spectrum of the reaction mixture after terpolymerization of CO~2~, propylene oxide (PO), and (maleic anhydride/*cis*-1,2,3,6-tetrahydrophthalic anhydride) oligomer (4 wt % of PO); GPC curves of PPC and PPC with networks (soluble fraction); PPC0.5--PPC4 presents the copolymer with 0.5--4 wt % (maleic anhydride/*cis*-1,2,3,6-tetrahydrophthalic anhydride) (MA/THPA) oligomer feed of PO in the copolymerization, respectively; thermogravimetric analysis curves of PPC and PPC with networks; PPC0.5-S--PPC4-S presents the soluble fraction of the corresponding copolymer; differential scanning calorimetry curves of PPC and PPC with networks; tensile and hot-set results of PPC and PPC with networks; ^1^H NMR of PPC specimen prepared by pressing at 190 °C; photographs of dumbbell specimens before (upper) and after (below) hot-set test; photograph below is the permanent deformation; and PPC and PPC4 specimens were prepared by hot pressing at 140 °C and at 190 °C, respectively ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_001.pdf))PPC burning ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_002.mp4))PPC0.5--1 burning ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_003.mp4))PPC2--4 burning ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02608/suppl_file/ao0c02608_si_004.mp4))
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